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The design and performance of colliding beam de­
vices is restricted by two different kinds of limita­
tions: those due to technology and funds, and those due 
to space charge phenomena. Among the technological li­
mitations are maximum magnetic fields, RF power, and the 
stored energy of the beams. The space charge limits are 
determined by single-beam and beam-beam phenomena, such 
as the stability of coherent longitudinal and transverse 
oscillations, or the incoherent beam-beam tune shift. 
The aim in the design of a colliding beam device is to 
achieve the best possible luminosity within all these 
limits. Procedures for determining appropriate machine 
parameters which include all constraints from the be­
ginning, have been developed. The resulting parameter 
sets will be compared to those of machines under study 
at present. The design procedures also allow predic­
tions how the parameters and luminosity of future col­
liding beam devices would change if some or all of the 
technological limitations were to occur at a different 
level. 
1. Introduction 
The beam dynamics and technology on which the de­
sign of storage rings is based are essentially the same 
for both electron and proton machines. There are, 
however, important differences such as synchrotron ra­
diation. The discussion will be presented under two 
main headings 
- electron storage rings 
- proton storage rings. 
Since no electron-proton machine has as yet been 
built it would appear too early to make predictions for 
the parameters of the next generation of these machines. 
For each kind of machine, the requirements which 
have to be satisfied in order to achieve a high lumino­
sity will be reviewed first. They can be cast into a 
series of design equations which link their design para­
meters. It turns out that a fairly detailed picture can 
be obtained by choosing a rather small number of para­
meters. Their choice is guided by extrapolation and 
scaling from existing machines. Finally, examples of 
machines beyond those presently contemplated will be 
shown which are designed according to these principles. 
2. Electron storage rings 
The principles for the design of an electron stor­
age ring have been known for a long time1. The storage 
ring SPEAR2 has been designed accordingly. The opera­
ting experience with ADONE3 and SPEAR4 has recently led 
to some changes in the design principles5 which are 
being incorporated in the design of the electron-positron 
part of PEP6. The following presentation follows essen­
tially Ref. 5. It is assumed that the electron and 
positron bunches collide head-on, i.e. they follow the 
same trajectory in opposite directions in the vicinity 
of the interaction point. 
2.1 Luminosity and beam-beam tune shift 
Apart from the energy of the colliding particles, 
the luminosity per intersection L is the most important 
parameter of a storage ring as far as its usefulness for 




N is the total number of particles in one beam, f is the 
revolution frequency, σx* and σy* are the rms beam hori­zontal (x) and vertical (y) radii at the interaction point, k is the number of bunches in one beam. In (1), the rms bunch half length σ does not appear because it has been assumed that it is smaller than the amplitude functions βx* and βy* at the intersection point 
The beam-beam interaction at the crossing points is 
usually accompanied by the electromagnetic effect of one 
beam on the other. It has become customary to describe 
the strength of this essentially non-linear perturbation 
by the linear tune shift given to particles close to the 
axis of the other beam. 
The beam-beam tune shifts in the two directions 








2πk (σx* + σy*) σx*γ 
Here, re is the classical electron radius and γ is the 
usual relativistic parameter. 
The recent treatment5 differs from the previous one1 
by assuming head-on collisions and, consequently using 
products of beam radii in (2) and (3). This reflects 
the experimental observation in ADONE3 and in SPEAR4 
that crossings at an angle do not yield a higher lumino­
sity although in this case the product of beam radii is 
replaced by a - bigger - effective beam cross section. 
It is most instructive to eliminate one power of N, 
from (1) by using (2). This manipulation yields 
L = 
Nfγ Q (4) 
2reβy* 
It has been assumed that σx* >> σy*. 
Equation (4) holds for any N and any Qy provided 
that the approximations used in its derivation are sat­
isfied. However, it gains its full significance by in­
terpreting it in the following manner: if Qy is re­
placed by its maximum permissible value Q, and if the 
beam dimensions at the interaction point are chosen such 
that (2) and (3) hold then (4) gives the maximum lumino­
sity which can be achieved in an electron storage ring 
with N electrons in each beam. 
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It is interesting to note how little one has to 
know about a storage ring in order to estimate its lu­
minosity. The maximum beam-beam tune shift Q is be­
lieved to be a universal constant. There are two lower 
limits for βy*, the bunch length and high values of βy  
at the ends of the intersection region which are a con­
sequence of low values of βy*. The most important out­
standing parameter is N which is entirely determined by 
single beam phenomena. 
Looked upon in a different way, (4) is just a 
formal expression which relates the luminosity to a 
small number of as yet unknown parameters. All the dif­
ficulties of designing storage rings are hidden in these 
parameters. 
2.2 Synchrotron radiation 
In electron machines the synchrotron radiation is 
by far the most important single beam phenomenon. The 
power loss P which has to be compensated is given by1: 
P = 4π remec2γ4Nfρ-1 (5) 3 
Here ρ is the bending radius of the electron beam and 
mec
2
 is the electron rest mass. It is customary in elec­
tron storage ring design to use (5) to eliminate Nf from 
(4). In this case the luminosity becomes: 
L = 








The interpretation of this equation is the same as that 
of (4). 
Clearly, there are many space charge phenomena in 
electron storage rings which have caused difficulties 
in their initial operation, but, which on the whole 
have been overcome later on. For this reason, they have 
not been included in the design procedure. 
2.3 Design procedure 
2.3.1 Outline 
For a given energy γ, the luminosity (6) depends 
only on 4 parameters: Q, ρ, P, βy*. Fixing all of 
them determines L. If R/ρ is fixed, N follows from (5). 
Fixing k and imposing upper limits on Qy and Qx, gives, 
from (2) and (3), upper limits on β=*/(σx*σy*) and on 
βx*/σx*2. These expressions are taken at the interaction 
point. In order to obtain a machine design, they have 
to be related to the beam size and lattice parameters in 
the normal machine lattice. If one assumes that there 
are no dispersive elements - and also no dispersion 
matching - between the machine lattice and the inter­
action point, then the ratio βx /σx2 is an invariant. It 
is, in fact, given by quantum fluctuations in synchrotron 
















where C= = 3.84 × 10-13 m. Since all parameters in (7) 
except Q are known, this equation determines the maximum 
Q-value Q m a x in the machine lattice. The actual value 
of Q must be smaller than Q and be compatible with 
the requirements on the working point. 
In addition, there is the contribution to Q from the 
insertions which is not included here. 
For a given Q and a chosen phase advance per period, 
the parameters of the period are completely determined, 
such as β m a x, βmin, length, and quadrupole focal length. 
The radial beam size in the cells follows from (7). To 
complete the description of the machine, σ y m a x and βx*  
are still to be determined. They are related by (2) and 
the usual scaling of a and β, σ ~ β½: 
βy* = 
B m a x 
( 
βy* )½ (8) 
σx*σy* 
σXmax σ y m a x βx* 
If r is defined so that σymax = rσxmax, (2), (7) and (8) 
can be manipulated to give 
r2βx* = βy*( Q )6 (9) 
Qmax 
Since only the product r2βx* is fixed by (9), r and 
hence the vertical beam size can be chosen freely, and 
βx* fixed afterwards to maximize the luminosity. In 
order to save vertical aperture, σ y m a x is fixed at  
σymax = 1mm, resulting in a vertical aperture Ay of 
40 mm, half of which is for closed orbit errors. Allow­
ing 20 σymax for the beam gives a good beam lifetime 
and ample allowance for the change in the beam size due 
to the beam-beam interaction. The horizontal aperture 
Ax is determined in the same way. 
The peak RF voltage V required is determined by the 
radiation loss/electron U which follows from the total 
power P and the number of electrons. V has to be higher 
than U by the overvoltage ratio q required to achieve 
a given quantum lifetime τq. The latter is related to 
the damping time τs by a pair of transcendental equa­
tions1. 
2.3.2 Results 
A machine designed according to the procedure just 
described is the preliminary design of a 15 GeV electron-positron 
storage ring5 which is compatible with the 
current PEP design6. Its parameters are summarized in 
Table I. 
In order to demonstrate where electron storage ring 
design may lead to in the future, the parameters of this 
machine are scaled to an even higher energy. Consider 
a step in energy by a factor 10½, i.e. from 15 to about 
50 GeV. In order to keep the luminosity constant which 
is the bare minimum in view of the rapid decrease of 
most of the cross sections involved, the radius of the 
machine is assumed to go up by a factor of 1 0 ¾ , and 
the RF power by a factor 1 0 ¾ . This choice fixes the 
machine design apart from the RF parameters which are 
chosen to yield a constant quantum lifetime. The re-
sults are also shown in Table I. 
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TABLE 1 
Comparison of electron storage ring parameters 
E/GeV 15 50 
L/cm-2s-1 1032 1032 
R/m 220 1240 






≤ 0.06 ≤ 0.06 
k 2 2 
f/kHz 150 26.7 
βy*/m 0.2 0.2 
P/MW 2.77 15.6 
σx*
2/βx/cm ≥ 5.4 × 10-5 3.0 × 10-5 
σx*σy*/βy/cm ≥ 5.4 × 10-5 3.0 × 10-5 
N 4.25 × 1012 7.56 × 1012 
Q 10 27 
βmax/m 59 127 
βmin/m 10.1 21.8 
σxmax/mm 6.3 6.2 
σymax/mm 1 1 
βx*/m 5.21 6.21 
Ax/mm 146 144 
Ay/mm 40 40 
τs/ms 3.7 3.7 
τq/S 104 104 
U/MeV 27 480 
q 2.2 1.36 
V/MV 60 650 
It may be seen that a machine at 50 GeV energy re­
quires a very large RF voltage and RF power, and that 
it has a very large radius. This may indicate that the 
technological limit for electron storage is below 50 GeV. 
Since this limit is so much influenced by synchrotron ra­
diation it appears rather difficult to overcome. 
3. Proton storage rings 
Practical experience on proton storage rings is 
available from a single machine, the ISR7. In addition, 
there have been a few design studies8,9,10, but there is 
no established design procedure for this type of machine. 
Below, an outline of such a procedure is presented. It 
is assumed that the proton beams are unbunched and col­
lide at a small angle. 
3.1 Luminosity and beam-beam tune shift 
When the proton beams collide at an angle such that 
they are well separated at the ends of the free inter­






Here c is the velocity of light, λ is the line (number) 
density of protons, and α0 is the crossing angle. It 
has been assumed that the rms beam radii σx* and σy* 
are equal to σ*. 
Under the same assumptions, the beam-beam tune shift 
in the x direction is: 
Qx =( 
2 )½ λrPβ* (11) π γσ*α0 
Here, rP is the classical proton radius and β* is the 
value of βX and βy at the interaction point. It has 
been assumed that the crossing takes place in the verti­
cal plane. In this case | Qy| ≤ | QX| always holds for 
a round beam. 
The above expressions are all approximations. They 
are valid for beams which are well separated at the end 
of the free space around the intersection point, and for 
values of 3 which are not too small. The optimum choice 
of 3 will be discussed below. Accurate formulae for 
round beams11,12 and for elliptic beams13 are available. 
If the tune shift (11) is again used to replace one 




 λ Qx 
(12) 
2½ rp β* 
Although this is valid for all values of λ and QX 
it may again be interpreted as an expression for the 
maximum value of the luminosity which can be obtained 
in a proton machine, if the crossing angle and/or the 
beam dimensions are adjusted so that (11) holds with  
QX replaced by its maximum permissible value. 
It can be shown12 that the luminosity L reaches an 
asymptotic value when β* decreases, and that 2/3 of that 
luminosity are obtained when β* is chosen as follows: 
β* = ( 
QxEt   
)½ (13) 
8π λ rp 
Here Et = 4πβγσ*2/β* is the normalised transverse emit¬ 
tance, and is the free length around the interaction 









3 Et rp 
3.2 Single beam limits 
In proton machines there is no one phenomenon which 
is clearly more important than all the others. There­
fore it is appropriate to include many of them in the 
design procedure right from the start and to let the 
latter itself find out which are the most important. 
The discussion below is based on present knowledge of 
these phenomena, i.e. any new developments which may 
make them less severe are not taken into account. 
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3.2.1 Incoherent tune shift 
In the highly relativistic limit where the contri­
bution of the direct space charge effect to the in­
coherent tune shift is negligible compared to the con­
tribution of images, the standard formula14 may be 




E1 + ρ 
E 2 
) (15) 
πQγ h 2 R g2 
Here, h is the half aperture of the vacuum chamber and 
g is the half height of the magnet gap, and magnets are 
supposed to occupy only a fraction ρ/R of the circum­
ference. E1 and E2 are image field coefficients which 
depend on the shape of the vacuum chamber and magnet 
polepieces, respectively. For the parallel plate geo­









Assuming that g and h are equal and calling the 
half aperture b, (15) can be brought into the form: 








24 e 2c 2 BMb2 Q ρ R 
Here Ep = mpc2 is the rest energy of the protons and BM 
is the field strength in the bending magnets. The some­
what strange form of (17) is chosen because it will 
turn out to be rather convenient to write the design 
constraints in a form which links the beam dynamics 
parameters directly to engineering parameters which by 
experience only take values within rather narrow limits. 
It will turn out throughout that the aperture of 
the vacuum chamber and hence of the magnets is not de­
termined by the space required for the beam proper or 
for closed orbit errors, but is necessary to remove the 
walls far enough from the beam so that their effects 
become small. This, naturally, leads to a circular or 
nearly circular vacuum chamber. Its cross section 
should have as few variations as possible in order to 
avoid the inductive impedances and the cavity resonances 
associated with them. 
In the case of a beam centered in an exactly cir­
cular chamber the first term in the bracket vanishes. 
Hence (17) is pessimistic. This has been confirmed by 
a recent calculation15 of the image field coefficient 
E1 for a beam with an arbitrary position in an elliptic 
chamber. 
In the design of a storage ring one wants the 
single beam tune shift to be below a given limit. Hence 
(17) is a design constraint which the machine parameters 
must satisfy. In particular, it may be considered as 
an equation for the current Iq which can be stored in a 
machine. 
3.2.2 Transverse resistive wall instability 
The resistive wall instability16 is the best known 
example of a transverse coherent instability. The sta­
bility criterion can be expressed in the following 
form17: 
|Z | ≤ Ep πQ (n-Q)η + Q' p (18) e IR m pc 
Here the amplitude function has already been replaced 
by its average value R/Q, η = γt-2 - γ-2, γt is the 
γ-value at transition, Q' = dQ/dp/p is the absolute 
chromaticity and p is the momentum spread in the beam. 
The above equation must be satisfied for the total trans­
verse impedance Z in the machine, for all combinations 
of I and p/mpc which occur during its filling, and for 
every n > Q. If stacking in momentum space is used, as 
in the ISR, then I and p/mpc grow roughly in proportion 
and in (18) may be interpreted as the total current and 
the total momentum spread in the beam. 
In the special case of the resistive wall impedance 
the following expression applies, neglecting the smaller 
capacitive impedance: 
|z | = 2½ R Z0 δ/b3 (19) 
Here Z0 is the impedance of free space and δ is the skin 
depth measured at the frequency ω = (n-Q) c/R and 
hence: 
|Z | = 2 
( 
R3Z0 )½ (20) 
b 3 (n-Q)σ 
σ is the conductivity of the vacuum chamber material. 
At low mode numbers n, just above Q, the Q' term in (18) 
dominates and the tune spread required to Landau damp 
the instability becomes: 













γ )½ p πC ec Q ρBM b3 (n-Q)σ 
(21) 
In a real machine, the tune spread which can be 
accommodated is below a given limit. Hence (21) is 
another design equation for it, giving the current It 
which is transversely stable. 
In an actual machine there are many more transverse 
impedances apart from the resistivity of the vacuum 
chamber walls. In principle, all have to be included in 
the stability considerations and designed accordingly. 
However, there is this difference between isolated ob­
jects and the vacuum chamber that the former can be modi­
fied as required whereas the latter cannot easily be 
changed. 
In the ISR, a transverse feedback system has been 
used successfully18 to counteract the effect of the wall 
impedance for the two lowest modes. A similar system 
could also be used in future machines. 
3.2.3 Longitudinal resistive wall instability 
The traditional stability criterion for the resis­
tive wall instability19 can be written in the following 
form20,21: 
| 






n e Iγ mpc 
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Here Z is the tolerable coupling impedance, and n is the 
mode number. p is the full width of the momentum 
spread at half height of the distribution function. 
Again, (22) must be fulfilled for all combinations of 
I and p which occur during the filling process. When 
stacking in momentum space is used the most severe con­
ditions apply to the beginning of the filling. 
For a beam in a circular vacuum chamber of radius 
b, the coupling impedance, neglecting the small capa­
citive contribution and putting in the worst n = 1, is 
given by: 
| z | = 1 ( RZ0 )½ (23) n b 
σ 
Assuming that the current/pulse is Ip, the momen­
tum spread necessary for longitudinal stability of a 






e IPQ2γ (24) 
mpc σ EP b 
In the derivation it has been assumed that γ >> γt 
and hence η = Q-2 has been used. 
If one assumes that the aperture taken by the mo­
mentum spread of the stacked beam should not exceed the 
vacuum chamber radius b (this leaves another radius b 
for manipulations, betatron oscillations, closed orbit 
distortions etc.), then one can calculate an upper limit 
I for the stored current which is longitudinally stable: 
I = 
bQ2IPγ 
(25) R( p/mpc)s 
This is the third design constraint for a proton machine. 
In an actual machine there are many more longitudinal 
impedances apart from the resistivity of the vacuum 
chamber, the most conspicuous of these being the shunt 
impedance of the RF system. The RF system of the ISR 
contains a feedback loop22 which reduces its shunt im­
pedance at the cavity resonances by a large factor. The 
elements in question must be designed so that their to­
tal impedance is small compared with the vacuum chamber 
walls or their impedances have to be included. 
3.2.4 Synopsis of single beam limits 
Many single beam phenomena have been considered 
which limit the total current which can be stored in a 
proton storage ring. There are even more phenomena 
which have not been mentioned at all. Hopefully, they 
are less restrictive than those mentioned. However, the 
important thing to be demonstrated was that one should 
adopt an open-ended approach to the design of these 
large machines which has been shown here by way of a few 
examples. 
3.3 Technical limits on proton storage rings 
The question arises whether there are technical 
phenomena in proton machines which take the place of the 
synchrotron radiation in electron machines. It turns 
out that the stored energy in the beam may be such a 
phenomenon. It will be considered below. 
Furthermore, all the collective effects mentioned 
have in common that, when the other parameters are fixed, 
then the aperture radius b must be bigger than some limit. 
Hence, for a given wavelength there is always an aperture 
radius b for which the machine works. 
The question arises quite naturally whether there 
are upper limits to the aperture. It turns out that the 
maximum poletip field of the quadrupoles is one of them. 
3.3.1 Stored energy in the beam 
If one considers proton machines at several hundred 
GeV energy and with several amperes of circulating 
current one finds that the stored energy of the beams 
may take values which are much bigger than those in the 
ISR23 or the large proton synchrotrons at NAL or at 
CERN. It therefore appears most suitable to include it 
as a design constraint. It is given by the following 
expression: 





There are two reasons why the stored energy in the 
beam may be dangerous. In emergency cases, the beam 
must be deflected in a beam dump system by fast ejection 
and the whole energy in the beam is deposited in a long 
thin cylinder of material creating problems of local 
heating and stress. Water has been suggested as a pos­
sible material for the absorber24. 
In superconducting machines, in particular, the 
beam power deposited near to the vacuum chamber is equal 
to the stored beam energy divided by the beam lifetime. 
If this power has to be removed at cryogenic tempera­
tures it may constitute a significant heat load. Attempts 
to localize the beam loss have not yet been successful 
in the ISR. 
The stored energy equation (26) may be considered 
as an equation for the maximum current IW which can be 
stored in a machine. 
3.3.2 Limits on the quadrupole strength 
Calculating the properties of a separated function 
FODO lattice in thin lens approximation5, one finds that 
for 90° phase advance per period the focal length of the 
quadrupoles is given by 
f =
 p/2√2 (27) 
Here
 p is the length of a period which is related to 
R/Q by 
p = 
π R (28) 
2 Q 




dB )-1 = Bρ b (29) Q dx Q BQ 
where Bρ is the magnetic rigidity of the protons, and  
Q is the length of the quadrupoles, and BQ is their 
field at a distance b from their centre. Since the 
value of R/ρ has already been used in several places, 
the quadrupole length
 Q cannot exceed the space left 
free by bending magnets. One can introduce an adjustable 
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parameter CQ which just describes the fraction of the 
straight sections in a period occupied by the quadru¬ 
poles. 
The above formulae can be combined and manipulated 
to finally take the form: 






R )2 BQCQ (1 -ρ ) (30) EP 2½16 Q γ R 
In a real machine, an upper limit for BQ is deter­
mined by the type of magnets used for the construction 
of the magnet lattice. Therefore (30) is an upper limit 
for the aperture radius b, and as such it complements 
the design equations given by the collective phenomena. 
It may be considered a fortunate accident that the 
upper limit for b (30) increases more steeply with R/Q 
than the lower limits for b determined by the collective 
phenomena (17) and (21). Hence there is always a solu­
tion to the combined equations. 
3.4 Proton storage ring design 
3.4.1 Outline of the procedure 
The design equations (17), (21), (25), (26) and 
(30) involve only 16 parameters which can be grouped as 
follows: 
i) Machine energy γ 
ii) Injected beam parameters, given by injector: 
Ip, Et, ( p/mpc)i 
iii) Magnet lattice parameters R/ρ, BM, BQ, CQ, b, 
Wmax 
iv) Space charge parameters σ, n-Q, δQ m a x, Q 1 m a x 
v) Intersection parameters , Q 2 m a x 
The most transparent way of proceeding consists in 
choosing first these parameters, then to calculate the 
maximum currents Iq, It, I , In permitted by (17), (21), 
(25), (26) and the corresponding luminosities. This 
yields a clear picture of which luminosity can be ob­
tained with a given set of machine parameters. It is 
then quite easy to choose a good set of parameters for 
which many more derived quantities can be obtained. 
3.4.2 Choice of parameters 
The choice of the parameters must be guided by ex­
trapolation and scaling from existing proton synchro­
trons and storage rings. As examples, machines will be 
used which are under study at CERN, using the CERN SPS 
as an injector, and therefore operating with known and 
fixed injected beam parameters. The choice of the mag­
net lattice parameters R/ρ, BM, BQ, CQ can be guided 
by a comparison with the large proton synchrotrons at 
NAL and CERN, for a conventional copper-steel magnet 
system. For the supraconducting magnet system, para­
meters in the vicinity of the ISABELLE proposal25 are 
used. 
The aperture radius b and the stored energy in the 
beam W m a x are used as parameters for the time being. 
They will be fixed later. 
The choice of the vacuum chamber material fixes σ, 
the conductivity. It is advantageous to work in the 
half-integral range of Q just above an integer. Hence 
n-Q = ¾. Experience with the ISR suggests that non-
linear resonances must be avoided in order to obtain a 
good lifetime of the stored beam, and a low background 
from beam-wall events in the experiments. The working 
space in the tunes is restricted to the range between 
the 5th order resonances at Q = n + 3/5 and the 3rd order 
resonances at Q = n + . This leaves a free space of  
Q = 1/15 which includes the 8th order resonances at 
Q = n + 5/8. 
This free space must be large enough to include the 
tune spread required for transverse stability, the tune 
spread in the single beam and the sum of all the tune 
spreads due to the beam-beam interactions. Replacing 
the tune spreads by the corresponding tune shifts yields 
roughly 
Q ≥ δQmax + Q1max + N2 Q2max (31) 
Here N2 is the number of crossing points. On the basis 
of this argument, the values δQmax + Q1max = 0.02 were 
used in the examples. 
The maximum permissible value Q2max for the beam-beam 
tune shift has been the subject of much specula­
tion25,27,28. Experimental information from the ISR 
suggests that no bad effects are observable with  
Q2 = 7 × 10-4 if the tunes are chosen as described 
above. In addition, a special experiment at 2 GeV/c29 
has shown that there is no detectable lifetime reduction 
for a beam lifetime of about 30 minutes at Q2 = 5 × 10-3. 
In this experiment the short lifetime was entirely due 
to single beam effects, most likely intra-beam scatter-
ing30,31. An experiment using a non-linear lens to si-
mulate the second beam has not yet given conclusive re-
sults. 
Choosing Q 2 m a v = 0.005 has become standard prac¬ 
tice6,25,32. 
Choosing the same size of the working region as in 
the ISR and the standard value for the beam-beam tune 
shift is not necessarily a satisfactory method of extra-
polation. An argument against this choice is that a 
beam-beam effect which is an order of magnitude stronger 
will excite non-linear resonances more strongly and hence 
the invisible 8th order resonances may become harmful. 
There are two arguments in favour of this scaling: 
Firstly, future machines will have a higher luminosity 
than the ISR at roughly the same number of protons, and 
are, therefore, relatively less sensitive to beam-wall 
background. Secondly, the "feeding" of particles into 
the resonances by intra-beam scattering is slower at 
higher energies. The balance between the arguments 
against and in favour of the choices made can only be 
arrived at by more detailed calculations. 
The last parameter to be fixed was the free length 
around the crossing points. It was chosen as = 30 m. 
3.4.3 Results 
Using these parameters, the stored current and the 
luminosity were calculated, employing the accurate formu-
lae12 for the beam-beam tune shift and the luminosity. 
The results are displayed in Figs. 1 to 4. The energy 
(γ) is used as abscissa. Each graph contains 4 sets of 
curves. One set has W as a variable parameter, the other 
3 sets the aperture radius b; they apply to the single 
beam tune shift, and the transverse and longitudinal 
stability limits. For smaller values of γ, the longi­
tudinal phase space density limit may be independent of b. 
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This means that the momentum spread of the injected beam 
is stable and hence no aperture dependent blow-up is re­
quired. 
It may be seen that usually the single beam tune 
shift and the stored energy in the beam present the most 
serious limitations. A superconducting machine needs a 
smaller stored energy in the beam and a smaller aperture 
radius b for the same luminosity than a conventional 
copper-steel magnet machine. 
Proton machines in the energy range up to 1000 GeV 
which correspond to accelerators in the energy range up 
to 2130 TeV appear to be technically feasible. However, 
they are very large and correspondingly expensive. 
In order to simplify the presentation, the opera­
tion at only one energy has been considered. This ex­
cludes machines such as ISABELLE25 in which the stored 
beam has to be accelerated to the design energy, and the 
operation of a given machine over an extended energy 
range. Both these problems can be tackled within the 
formalism presented by scaling the parameters γ, BM and 
BQ accordingly. It turns out that the stored current 
is proportional to γ when the tune of the machine is 
kept constant. According to (14) this would result in 
a luminosity variation like γ5/2. The operating range 
of the machine can be extended towards lower energies by 
using a larger aperture than is required at maximum 
energy. 
3.4.4 Specific machines 
On the basis of the results displayed in Figs. 1 
to 4 a parameter list for a 400 GeV/c conventional ma­
chine has been worked out which is being used to de­
sign this machine in more detail. It is shown in Table 
II. All the derived parameters can be obtained from the 
formulae given earlier in this paper. For comparison, 
I have included the parameters of a superconducting 
machine with the same energy and luminosity. In these 
machines, round numbers were chosen for the aperture 
such that the actual values of Q1 and δQ were below 
the limits imposed. 
The important conclusion from Table II is that it 
is possible to design stable machines with a good lumi­
nosity. They compare favourably with the ISR because 
the collective effects are of the same order of magni­
tude and the luminosity is much higher. 
Comparing the conventional and superconducting 
machines in Table II shows that in the latter one 
reaches the same luminosity with a smaller radius, aper­
ture and stored energy. 
Much work still has to be done before the feasibi­
lity of these machines can be established, in particular 
in the following areas: design of intersection regions, 
RF acceleration, beam transfer from the SPS and injec­
tion, beam dumping, and site layout. 
TABLE II 
Comparison of 400 GeV proton storage ring parameters 
using conventional and superconducting magnet 
conv. s.c. 
Maximum momentum P 400 400 GeV/c 
Maximum field in 
bending magnets 
BM 1.8 4.0 T 
Table II (cont'd) conv. s.c. 
Maximum poletip 
field in quadru¬ 
poles 
BQ 0.6 2.0 T 
Circumference 
factor 
R/ρ 1.3 1.6 
Bending radius 
ρ 
741 333 m 
Average radius R 964 533 m 
Quadrupole 
filling factor 
CQ 0.5 0.2 
Aperture radius b 30 20 mm 
Average wave-length R/Q 36.4 17.9 m 
Betatron wave-number Q 26.5 29.8 
Phase advance/period μ π/2 π/2 
Period length 
P 
57.2 28.1 m 
Quadrupole length 
Q 
3.3 1.1 m 
Injected current/pulse IP 0.07 0.07 A 
Injected phase 
space density 
D 1.3×1020 1.3×1020 m-3 
Injected normal-
ised beam emit¬ 
tance 
Et 30π·10-6 30π·10-6 m 
Stored current I 5 5 A 
Number of in­
jector pulses 
Ns 72 72 
Stored energy in 
the beam WB 
40 22 MJ 
Single beam tune 
shift 
Q1 0.015 0.008 
Vacuum chamber 
conductivity 
σ 106 106 A/Vm 
Resistive wall 
mode number 
n-Q 0.75 0.75 
Required tune 
spread in beam 
δQ 0.007 0.005 
Total stored mo­
mentum spread 
p/p 3.6×10-3 4.2×10-3 
Free length in 
crossing regions 
30 30 m 
Amplitude func-
tion at crossing 
point 
β0 
2.0 2.0 m 
Rms beam radius 
at crossing point 
σ0 
0.2 0.2 mm 
Beam-beam tune 
shift/crossing 
Q2 0.005 0.005 
Crossing angle α 1 1 mrad 
Luminosity/crossing L 1033 1033 cm-2s-1 
666 
4. Conclusions 
A comparison between the extrapolations for elec-
tron and proton machines in Tables I and II shows that 
an electron machine at 50 GeV is significantly bigger 
than a proton machine at 400 GeV. This is even more 
true when one considers the superconducting version of 
the latter. Hence, there is a distinct difference in 
the maximum energy which one can hope to achieve in 
electron and proton machines. Whether this difference 
is significant or not must be decided on the basis of 
experiments which can be performed with these machines. 
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Rae Stiening (NAL): How does one avoid 5th - order reso-
nances-in other words, can you make magnets of good 
quality at that high energy? 
Keil: That is a good question. I'll answer the second 
part first. I don't think that the magnet tolerances influ-
ence the order of resonances which one can stand in a 
machine more than the beam-beam effects in the machine; 
that is to say that if you make a lousy magnet, then you 
may get single-beam difficulties. However, if you want to 
run the machine as a colliding beam device, then the two-beam 
situation is bound to be worse even under these 
conditions. 
Matt Allen (SLAC): Just an engineering detail-the 50-GeV 
machine would need about 1 km of RF cavities. The wall 
losses would be about 20 M W for copper cavities. This 
might be a possible application for superconducting cavities 
which would require a lot of niobium. 
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